presence of a process that has a cumulative effect rather than a random effect throughout the recording period. This could be related to fatigue or the trauma inflicted by the electrode on local synaptic circuitry, or other factors. This cumulative process may have also contributed to the directional tuning changes across time.
those neurons might be statistically significant, it is not clear to what degree they are functionally significant or provide strong evidence for an unstable motor representation.
Despite these reservations, the study by Rokni et al. (2007) is important. It draws attention to the possibility that the movement representation in the motor cortex is not as stable as is generally assumed. It presents some interesting speculations about the implications of an unstable redundant motor representation on motor cortex function. It suggests that sensory signals from the periphery are used not only for feedback correction for errors and to guide motor learning, but also to maintain the motor representation within a range of equivalent functional states against debilitating drift caused by stochastic noise in adaptive components of the system. Finally, it makes strong predictions that should be readily testable by experiments.
A key question in brain development is how migration of neuronal precursors is guided to establish the ordered laminar layers. In the April 20, 2007 issue of Cell, Guan et al. show that the leading process of migrating cerebellar granule neurons senses repulsive Slit molecules by generating a Ca 2+ wave that propagates to the soma to cause reversal of cell polarity and migration.
Guided migration of immature neurons from their birthplace to the final destination constitutes the basis for highly ordered cytoarchitecture, specific synaptic connectivity, and complex function of the nervous system (BronnerFraser, 1994; Hatten, 1999; Kriegstein and Noctor, 2004; Rakic, 1995) . Recent evidence indicates that several axon guidance molecules are also involved in directing neuronal migration, suggesting that the same set of membrane receptors and cytoplasmic transduction mechanisms may be used for these two forms of neuronal motility (Ayala et al., 2007) . Most of the migrating neurons exhibit a highly polarized morphology with a leading and a trailing neurite process. Directed movement of the neuron typically requires three distinct steps: extension of the leading process, translocation of the soma and nucleus, and retraction of the trailing process. The leading process has a growth-cone-like motile tip similar to the axonal growth cone and is responsible for the process' extension. Successful migration of the cell also requires the translocation of the soma, which involves the detachment of the somal adhesion to the substrate and movement of the nucleus (''nucleokinesis'') and other cytoplasmic organelles, and perhaps uses mechanisms distinct from those operating at the growth cone. In vitro observations of cultured cerebellar granule cells indicate that both the leading growth cone and the soma exhibit saltatory, but coordinated, advancement (Hatten, 1999) . However, two different modes of neuronal migration have been observed in vivo, one relying primarily on somal translocation, with its long leading process remaining attached to the pial surface, and the other involving coordinated movement of the short leading process and soma (Ayala et al., 2007) . Therefore, the extension of the leading process and the somal translocation may be differentially coupled in different modes of migration.
How does a migrating neuron detect extracellular cues? If only the leading growth cone is responsible for the signal detection, a long-range signaling mechanism between the growth cone and the soma is required for proper coordination of the motility of these two distant parts of the neuron. Furthermore, coordinated retraction of the trailing process, as the cell advances, must involve actin-based contractile machinery and degradation of the adhesion complex, as suggested by studies of nonneuronal cell migration (Horwitz and Parsons, 1999; Sheetz et al., 1998) . In a study in the April 20, 2007 issue of Cell, Poo and his collaborators have tackled these questions using an elegant culture system in which potential guidance molecules can be delivered to different parts of the migrating cerebellar granule cell in the dish (Guan et al., 2007) . They present compelling imaging data demonstrating that the growth cone of the leading process senses Slit gradients by generating a Ca 2+ wave that propagates to the soma, triggering the repolarization of the granule cell morphology and the reversal of migration direction. Cerebellar granule neurons in culture display a bipolar morphology with spontaneous movement following a leading process. To test which part or parts of the neuron sense extracellular cues, the authors employed local application of Slit-2, a repulsive molecule for axons and migrating neurons, to the tip of the leading edge (frontal), the soma, or the trailing process. The authors found that only frontal Slit-2 application caused the leading edge to collapse, which was followed by reversal of the cell polarity and migration. Specifically, the direction of somal translocation was reversed and, interestingly, the original trailing process assumed a growth cone morphology and exhibited active motility. Using high-resolution ratiometric Ca 2+ imaging, the authors determined that frontal Slit application elicited a local elevation of intracellular Ca 2+ concentration ([Ca 2+ ] i ) in the growth cone that gradually propagated as a wave to the soma (Figure 1 wave from the growth cone to the soma to induce the reversal of translocation. The requirement and sufficiency of the Ca 2+ wave at the soma for reversal of migration was elegantly tested by either local blockade of CICR with high ryanodine or local activation of CICR by frontal application of a low concentration of ryanodine. These data thus provide convincing evidence that Ca 2+ elevation at the soma from a Ca 2+ wave emanating at the growth cone is the cause of the reversal of migration. Previous studies have established a positive correlation between the rate of cell movement and the amplitude and frequency of [Ca 2+ ] i fluctuations in the cell body through NMDA receptors and voltage-dependent Ca 2+ channels, but no reversal of migration was observed (Komuro and Kumada, 2005) . Therefore, the reversal of somal translocation by frontal application of low concentrations of ryanodine open. Slit-2 also initiates a Ca 2+ wave through CICR that propagates to the soma, which likely results in an asymmetric elevation of [Ca 2+ ] i to reverse the asymmetry of RhoA, leading to the reversal of the somal translocation and the cell polarity. Based on the previous findings, the centrosome may also relocate to the opposite side during the reversal of migration. However, what signal or signals cause the trailing process to transform into a leading process with high motility remain poorly understood (orange arrow with the question mark). Conceivably, the transformation requires changes in many cytoskeletal structures and signaling components. A number of signaling components, including Par molecules, Rho GTPases, and GSK3b and Cdk5, are likely involved in both the somal translocation and the conversion of the trailing process to a leading process. Many other potential players (Ayala et al., 2007) Guan et al. (2007) is that growth cone behavior and somal translocation are independent, and in this regard, it is important to show that the growth cone collapse is not linked to the reversal of somal translocation. Otherwise, one might suspect that the reversal of migration may simply result from growth cone collapse of the leading process, which would force the neuron to reverse the direction. The separation between growth cone and somal responses is supported by the finding that local blockade of CICR in the soma (by high concentrations of ryanodine) blocked the reversal of somal translocation without affecting the growth cone collapse induced by frontal Slit-2 application. The most convincing piece of evidence comes from the frontal application of low concentrations of ryanodine, after which both the growth cone and soma exhibited a similar elevation of Ca 2+ through CICR and the soma reversed its direction of translocation, but no apparent collapse of the leading process was observed. Therefore, Slit-2 molecules appear to trigger to two distinct effects: the large elevation of [Ca 2+ ] i that is responsible for collapse and the initiation of a Ca 2+ wave through CICR that propagates to the soma and causes the reversal of translocation. While the mechanism underlying the Ca 2+ elevation at the growth cone by Slit-2 remains unclear, these data demonstrate the amazing ability of Ca 2+ to produce short-range and long-range effects on different parts of a neuron, which could be a key for coordinating the various cellular activities in a highly polarized neuron. What is the downstream effector or effectors of Ca 2+ in the reversal of migration direction? An even more intriguing question is, ''How is the trailing process transformed into a leading process during the reversal of migration?'' This is particularly puzzling since the Ca 2+ signals appear to only reach the soma, rather than reach all the way to the end of the trailing process (Figure 1 ). The authors indicate that the reversal of cell polarity and migration is mediated by the small GTPase RhoA, which is preferentially localized in the soma with accumulation toward the leading front, but then redistributed when the neuron is induced to reverse its orientation by frontal application of Slit-2 molecules. Experiments using high and low concentrations of ryanodine were performed to demonstrate that [Ca 2+ ] i elevation at the growth cone is both necessary and sufficient to induce redistribution of RhoA expression. Finally, using fluorescence resonance energy transfer (FRET) to observe active RhoA, the authors claim that the reversal of migration may also be due to the inhibition of RhoA at the frontal end and the redistribution of active RhoA. Since RhoA inhibition has been shown to actually promote nerve growth, it is unlikely that inhibition of RhoA activity halts the migration of the neuron. Rather, the redistribution of RhoA is probably involved in changing the polarity of the migrating neuron. Thus, the mechanism by which the neuron stops migrating in the forward direction and begins migrating in the reverse direction is not yet known. It also remains to be seen how the trailing process acquires the motility of a leading process during the reversal of migration.
The study has clearly illustrated several intriguing and exciting findings on the role of long-range Ca 2+ signaling and RhoA in repolarizing and reversing migrating neurons. However, several outstanding issues remain to be addressed, particularly those regarding the role of the cytoskeleton. For example, the mechanism by which Ca 2+ waves induce the redistribution of RhoA has not been addressed by this study, although the authors propose a cortical myosin-dependent mechanism in which a front-to-rear Ca 2+ gradient may cause a myosin-dependent rearward flow of cortical F-actin, thus pulling RhoA to the rear. Furthermore, the effects of the Ca 2+ wave on the cytoskeletal structures in the soma were not clear. Migrating neurons have a specialized motility apparatus consisting of a perinuclear tubulin cage that holds the nucleus in the rear of the cell, an actin network around the soma, and microtubules that project to the leading process extending in the direction of migration. Recent studies also indicate that the movement of the centrosome into the leading process precedes nucleokinesis and that the centrosome coordinates cytoskeletal dynamics in response to mPar6a-PKC2 and GSK3b-mediated signaling (Higginbotham and Gleeson, 2007; Solecki et al., 2006) . It would of great interest to see if the Ca 2+ wave elicited by Slit-2 causes the relocation of the centrosome to the new leading process following reversal of migration (Figure 1) . Clearly, further elucidation of the molecular link between the Ca 2+ signals and these known cellular components involved in migration would significantly advance our knowledge of directed migration during brain development. One question that begs for answers is the in vivo relevance of the findings described by Guan et al. (2007) . The observed migration of cerebellar granule neurons in culture more closely resembles cortical rather than cerebellar migration in vivo. Granule cells of the cerebellum first migrate tangentially in the external granule layer (EGL), then extend a T-shaped bipolar process which become the parallel fiber axons, followed by radial migration of the cell body into the internal granule layer (IGL) where the dendrites form (Komuro and Yacubova, 2003) . Radial migration of granule neurons along glial fibers involves the extension of a prominent leading process with a growth cone-like motile tip. However, the trailing processes do not retract as the cell body moves toward the IGL. The reversal of migration observed in culture almost never happens in cerebellum in vivo (Solecki et al., 2004) . Furthermore, the identification of the function of Slit-2 repulsion during development remains to be revealed. As Slit-2 is expressed by Purkinje cells and its receptor Robo2 by granule cells (Marillat et al., 2002) , Guan et al. suggest that the repulsive action of Slit-2 prevents the premature migration of EGL cells to the IGL. Therefore, Slit-2 may be potentially involved in controlling the transition of granule cell migration from tangential migration to radial directions. In this case, Slit-2 expression in the Purkinje cells or Robo2 expression on the granule cells would need to be downregulated at the time that the granule cells begin migrating radially. Alternatively, Slit-Robo signaling could be silenced by crosstalk with other guidance signaling pathways (Grunwald and Klein, 2002) . Regardless of these outstanding questions, the exciting findings on long-range Ca 2+ signaling reversing neuronal polarity and migration have opened up a door for more studies that will provide a better understanding of the developmental events that pack billions of neurons into highly organized structures for complex functions and how their failure contributes to human migration disorders.
